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There has been a strong demand for commercially viable technolo-
gies for Mg alloy sheet production from 3C (Computer, Communication
and Consumer Electronic) and automobile industries, driven by the fast-
growing Asian economy and the pursuit for low carbon, strong and).
. This is an open access article underlightweight structures. A focal point is for housing laptop computers,
digital cameras and mobile phones where sheet stamping is seen to
have advantages in productivity, structural diversity and product func-
tionality over the currently used die casting [1,2].
In general, sheet materials and extrusion profiles represent the key
area where the majority of weight savings may be made. Mg alloy
sheets are conventionally produced through a manufacturing route
consisting of slab casting and multiple passes of hot rolling and cold
rolling rout involving numerous intermediate heat treatments [3]. Thisthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tion. Twin roll casting (TRC) produces sheet directly from the melt by
combining solidification and rolling into single operation through two
metallic counter-rotating rolls, providing a substantially shortened
manufacturing route for Mg alloy sheet production. The thickness of
Mg alloy sheets produced by TRC is normally in the range of 5 to
8 mm, which is significantly smaller than that of casting slabs [4–6], of-
fering benefits of a reduced number of rolling passes and heat treat-
ments and reduced energy consumption [7].
A schematic illustration of the TRC process is presented in Fig. 1. The
solidification of liquidmetal usually begins at the twowater cooled rolls
near themeniscus region. Two solid shells then form from each roll and
grow as the melt flows through the roll gap. These two solid shells con-
gregate at the centre of the roll gap and thus the sheet is formed and
shown as the solid zone (S) in thefigure. The solidifiedmetal undergoes
thickness reduction upon rolling as it moves forward and reaches its
final thickness at the roll nip (deformation region). The distance be-
tween the tundish tip and roll nip is the tip setback. In front of the
solid zone, there is a semi-solid mushy zone where liquid (L) and
solid (S) phases coexist. The initial liquid phase region and semi-solid
region together are termed as the sump and the sump depth is deter-
mined by the TRC conditions, reflecting the solidification kinetics.
In the conventional magnesium alloy TRC process adapted from alu-
minium TRC technology, in which roll diameter is normally larger than
500 mm [8,9], a large amount of plastic deformation is applied in order
to maintain good dimension and crown control in the as-cast strip [10].
Plastic deformation helps control the accuracy of sheet thickness and im-
proves surface finish. The stored energy due to plastic deformation pro-
vides the driving force for recovery and recrystallization in the
downstream homogenization treatment. However, large deformation
leads to a high separation force and roll bending inevitably occurs,
which requires supporting rolls to overcome or minimize roll bending.
As a result, the TRC equipment becomes heavy, complicated and difficult
to operate, with high energy consumption and high operation cost. At the
meantime, with the high cooling rate and large thermal gradient, as-cast
TRC sheets suffer from central line segregation due to the directional co-
lumnar growth from the surface to centre during solidification [11,12].
This macroscale chemical segregation deteriorates the quality of material
and homogenization treatment is required to dissolve solute-rich phases
into thematrix at a high temperature for a long period of time. In order to
modify the as-castmicrostructure suitable for final shape forming, as-cast
sheetswith an excessive thickness have to be produced to allow a dimen-
sional window for downstream deformation.
For ductile metals such as steel and aluminium, to which the TRC
process was initially applied [3,10,13], downstream rolling can beFig. 1. Schematic diagram of twin roll casting process, showing regions of liquid, semi-solid areadily conducted to the required thickness and effectively breaks
down the coarse and heterogeneous as-cast grain structures, producing
sheets with a uniform chemical distribution and microstructure ready
for component forming. However, extensive downstream rolling is not
feasible for Mg alloy. This is because Mg with a close-packed hexagonal
(hcp) crystal structure doesn't have a sufficient number of slip systems
to accommodate deformation [2] and the rolling operation is difficult
and costly. More critically, excessive rolling leads to the development
of an intensified basal texture, which results in low ductility and strong
anisotropy as described in previous research [14], jeopardizing the
formability of the material for further forming.
In the present investigation, an alternative TRC process is developed
with the emphasis on solidification control in order to obtain a uniform
and equiaxed grain structure with minimized macroscopic chemical
segregations so that it is possible to substantially shorten downstream
thermomechanical processing and impede extensive development of
the associated crystallographic textures.
The game change strategy in our solidification control approach is to
employ intensive shearing melt conditioning immediately prior to TRC,
termed as MCTRC, to improve nucleation kinetics and promote
equiaxed growth. According to Hunt's model for columnar to equiaxed
growth transition [15], number density of heterogeneous nucleation
sites and the undercooling for nucleation are the two key factors influ-
ence the formation of an equiaxed grain structure for the solidified
melt. Melt conditioning (MC) by intensive shearing technology devel-
oped at BCAST has demonstrated the capacity of grain refinement and
defect control in a range of Mg alloys by improving nucleation kinetics
through a twin-screw [16] or rotor-statormechanism [17]. InMg alloys,
magnesium oxide (MgO) films inherent from Mg alloy ingot act as
agents for heterogeneous nucleation. These MgO films are normally in
coarse clusters and aggregate locally in themelt. Detailed investigations
showed that intensive shearing breaks down these MgO films into dis-
crete sub-micron particles and disperses them evenly throughout the
melt [18]. The number density of available MgO nucleation sites can in-
crease by three orders of magnitude after intensive melt shearing [19].
The development of a uniform, fine and equiaxed grain structure is ex-
pected to improve chemical homogeneity as solute-rich structures tend
to be retained in the local inter-dendritic regions in such a grain struc-
ture, instead of being pushed into the centre area.
Another strategy in our approach is to produce Mg alloy sheets with
a thickness close to that suitable for stamping. The feasibility of this
strategy is based on the formation of a uniform, fine and equiaxed
grain structure due to the employment of intensive shearing melt con-
ditioning. Such a grain structure can obtain a status free of defects and
chemical segregations by a simple thermomechanical processingnd solid phases and the location of tip setback including sump and deformation region.
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weak textures and most likely good formability. Thin sheet production
by TRC is cost-effective as it is often associated with high speed and
low force, in addition to substantially reduced downstream processing.
The third strategy integrated into this research is using small diam-
eter twin roll caster to reduce the deformation in the TRC process. For
processing sheets with a certain thickness, a small roll diameter pro-
vides a large opening for a tundish tip to move closer to roll nip. Conse-
quently, the tip setback decreases and the plastic deformation zone is
shortened [19,20]. Moreover, a small roll improves cooling efficiency
due to the reduced overall heat capacity of the system, which enables
a higher casting speed and thinner sheets to be processed. The use of
small rolls thus helps the implementation of the strategy that targets
thin gauge Mg alloy sheets with a low force and potentially high pro-
ductivity. Certainly, the use of small rolls will restrict the width of the
processed sheets to a certain value. However, the production of rela-
tively narrow Mg alloy sheets is economically and commercially viable
for applications in the 3C industry, which is the target market for the
present research.
In summary, the present research aims to develop a novel twin roll
technology, MCTRC process, for producing directly formable Mg alloy
sheets by employing three unique strategies, i.e., melt conditioning
treatment, near-to-net gauge thin sheet as target product and the use
of small scale twin roll caster.
2. Experimental procedure
2.1. Solidification controlled MCTRC process
AZ31 alloy melt (Mg-3.29Al-1.02Zn-0.39Mn (in wt%)) was condi-
tioned using a twin-screw high shear mechanism at 800 rpm forFig. 2. Images of experimental setup of the in-house built horizon1 min and then was immediately cast into 1.5 ± 0.1 mm thick sheet
with 100 ± 10 mm width using an in-house-built horizontal twin roll
caster at a pouring temperature of 650 °C and casting speed of
5 m/min. The in-house-built twin roll caster consists two counter rotat-
ing rolls with 110 mm in diameter with a working width of 150 mm
which driven by two 15 kW motors. The experimental setup and pro-
duced AZ31 alloy sheet are presented in Fig. 1. The setback length be-
tween tundish tip and roll nip was 20 mm. The whole process was
conducted under the protection of a mixed gas of 0.42% SF6 in N2 [21].
The AZ31 alloy sheets producedwith the application of intensive shear-
ing are referred to as MCTRC sheets hereafter. Some as-cast sheets were
homogenized at 400 °C for 1 h, then air-cooled (Fig. 2).
2.2. Microstructure characterisation
Samples for microstructural characterisation were taken along the
longitudinal section (TD plane) through the middle of both as-cast
and homogenizedMCTRCAZ31 sheets. Metallurgical sampleswere pre-
pared using standard methods, with a final polishing with ethanol-
based colloidal silica suspension. For grain size measurement, an
acetic-picral solution (4.2 g picric acid, 15 ml acetic acid, 70 ml ethanol
and 15ml distilledwater)was used. Themicroscopic observationswere
performed under normal and polarised light on a Carl Zeiss AxioScope
A1 optical microscope and the liner intercept method was used for
grain size measurement following ASTM E1382. Five fields were taken
for grain size measurement and each field covering about 200 grains
on average. For EBSD examination, the sheet samples were
electropolished in a solution of 15% nitric acid in methanol at −30 °C
and 12 V for 30 s. The samples were then immediately observed on a
Zeiss Supra-35 SEM which is equipped with EDAX EBSD and EDS sys-
tems. EBSDmaps for microstructure and texture analysis were obtainedtal twin roll caster (a) and the as-cast AZ31 alloy sheet (b).
Fig. 3. The microstructure obtained from the longitudinal section of MCTRC sheets: (a) polarised micrograph, (b) BSE SEM image, (c) Al and (d) Zn element EDS maps.
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entire sheet thickness) at a step size of 1 μm. The EBSD data were
analysed with the EDAX OIM™ software. Texture components and
their maximum intensity and volume fraction were measured from
the EBSD data with a tolerance of ±15° of the ideal orientation. The
Schmid factor analysis on selected orientation is based on the stress
state of uniaxial tension in CD, 45° and TD directions.
2.3. Mechanical properties test
Three samples along three in-plane directions, i.e., the casting direc-
tion (CD), the direction at 45° to the casting direction (45°) and the
transverse direction (TD) were machined from the as-cast andFig. 4. The grain size distribution of AZ31 alloy sheets produced by MCTRC process (a), thehomogenized MCTRC sheets according to the ASTM B557 standard
with a gauge length of 25.00 ± 0.10 mm. The tensile properties were
measured on an Instron 5500 Universal mechanical Testing System
equipped with Bluehill software and a ±50 kN load cell. The Model
3542 extensometer with 25 mm gauge length is provided by Epsilon
Technology Corp. The constant crosshead speed was 1 mm/min (6.5
× 10−4 s−1 initial strain rate). All the tensile tests described above were
held at ambient temperature (~24 °C).
3. Results and discussions
The thin gauge AZ31 Mg alloy sheets produced were characterised
by a uniform, fine and equiaxed grain structure, homogeneous chemicalmicrostructure of as-cast sample (b), and sample homogenized at 400 °C for 1 h (c).
Fig. 5. Crystallographic textures of as-castMCTRC sheets: (a) Inverse polefigure EBSDmap, (b) highlighted grains of individual texture components, and (c) and (e) are {0001} andf1010g
pole figure from EBSD data, (d) and (f) are theoretical poles of basal, f1100gh1120i and f1101gh1120i texture components respectively.
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Table 1
Maximum intensity and volume fraction of texture components. The colour code is used in
Fig. 4(b).
Colour code Component Intensity Volume fraction
f0002gh1120i 3.27 10.3%
6 X. Yang et al. / Materials and Design 179 (2019) 107887distribution and substantially reduced centre-line segregations. The
overall texture was essentially randomised with a weak basal compo-
nent. The MCTRC AZ31 alloy sheets were carefully examined and
characterised by microstructure and texture analysis and mechanical
testing. Detailed results are presented below.f1100gh1120i 2.11 4.2%
f1101gh1120i 1.17 6.5%
Fig. 6. Comparison of grain size for the as-cast MCTRC AZ31 sheets to that produced by
conventional TRC process.3.1. Microstructure, chemical homogeneity and texture
The microstructure and chemical distribution of as-cast MCTRC
AZ31 alloy sheets are presented in Fig. 3. Fine and equiaxed grains
with a uniform size distribution are seen through the thickness. Mean-
while, the centre-line segregations were barely detected under the
polarised light (Fig. 3(a)).
Backscattered electron (BSE) image (Fig. 3(b)) and EDS maps (Fig. 3
(c) and (d)) shown the distribution of solute elements Al and Zn
through the sheet thickness. Aluminium element is seen in fine clusters
of b20 μm, as indicated bywhite arrows in Fig. 3(c), and distributed uni-
formly in thematrix. In the centre area, discontinuous patches of bright
contrast with a thickness of 37.5 ± 15.7 μm are presented. As a minor
solute element, the EDSmap of Zn in Fig. 3(d) shows a uniformdistribu-
tion. The size of solute-rich patches in MCTRC sheet is significantly de-
creased compared to those millimetre sized centre-line segregations
formed in AZ31 alloy sheet by conventional TRC [22–25].
The average rolling reduction of as-cast AZ31 alloy sheet via MCTRC
process can be approximated geometrically by the difference in aspect
ratios between ideal equiaxed grain and the measured value of as-cast
grain morphology in MCTRC sheet based on the constant volume as-
sumption of plastic deformation. The average aspect ratio of MCTRC
sheet wasmeasured to be 1.35±0.32, while the value of ideal equiaxed
morphology was 1.00. Thus, rolling reduction of AZ31 sheet by MCTRC
process was estimated to be 14.70 ± 8.61% in this study, which is
smaller than the value of 30–60% reported for a conventional TRC pro-
cess [26]. Both reduced deformation and equiaxed growth controlled
solidification contributed to the uniform distribution of solute elements
as the solute-rich liquid was largely maintained in the local inter-
dendritic regions during the solidification.
The grain size distribution of MCTRC AZ31 alloy sheets is presented
in Fig. 4. The representative microstructure of as-cast and homogenized
AZ31 sheets produced byMCTRC process are shown in Fig. 4(b) & (c). In
as-cast condition, grains are of an equiaxed morphology with an aver-
age diameter of 83 ± 26 μm, which is much finer than the grain size
ranging from 250 μm to 600 μm reported for the conventional TRC pro-
cess [22,27–30]. The significant grain refinement is attributed to the en-
hanced heterogeneous nucleation by the dispersed MgO particle
throughmelt conditioning treatment prior to casting [31]. After homog-
enization treatment at 400 °C for 1 h, the grain size further reduced to 15
± 9 μm due to recrystallization, which is driven by the deformation in-
duced stored energy. According to the study on the effect of melt condi-
tion treatment on Mg sheet homogenization [32], the refined
microstructure and reduced secondary dendritic arm spacing (SDAS)
of the AZ31 alloy sheet increase homogenization rate and accelerates
static recrystallization. The uniform grain structure is considered to
have improved the spatial distribution of stored energies due to plastic
deformation and led to the formation of a finer grain structure after ho-
mogenization. Such a grain size is equivalent to that achievable for AZ31
sheets produced by conventional TRC plus multi-passes rolling with
60–80% reduction in thickness [24,25,33,34].
The conventional TRC with sequence rolling process is commonly
criticised as limiting the sheet ductility due to highly intensified basal
texture. It is therefore of great interest to examine the crystallographic
texture characteristics of the MCTRC AZ31 thin sheets without down-
stream rolling process.
The orientation contrast map and related {0001} and f1010g pole
figures for the as-cast MCTRC AZ31 sheets are presented in Fig. 5(a),
(c) and (e). The corresponding grains of major texture componentsare marked in a band contrast map in Fig. 5(b) and their poles are
shown in Fig. 5(d) and (f) with a different colour code from that used
in the orientation map in Fig. 5(a). The detailed information of texture
components is given in Table 1.
Besides the basal component,f1100gh1120iandf1101gh1120icom-
ponents were also obtained withweak intensities as shown in Fig. 5(b).
The f1100gh1120i component could be caused by either the operation
of the prismatic f1100gh1120i slip system or f1012g twinning
[35–37]. By crystallographic feature analysis together with morphology
examination, the majority of the component represents the prismatic
slip system as shown in Fig. 5(d) and (f). Some of the laminar shaped
structure is confirmed as f1012g tension twinning by orientation rela-
tionship analysis [38]. Uniform spatial distribution of grains
representing such orientation is observed in Fig. 5(b). The total volume
fraction of f1100gh1120i and f1101gh1120i components was over 10%,
which is comparable to that of the basal component.
Although the basal texture is dominant on the pole figure, its volume
fraction within ±15° of ideal orientation was just ~10.3% and the corre-
sponding grains were evenly distributed over the material volume. The
appearance of non-basal 〈a〉 slipswas considered to have provided extra
deformation modes and basal texture development was limited [14].
The fine and uniform grain and weak basal texture developed in the so-
lidification controlled MCTCR process are expected to have good me-
chanical properties and formability.
As expected, {0001} basal texture dominated in the as-cast MCTRC
sheet. However, the texture intensity of 3.27 is very much moderate
and the orientation is extensively spread around the basal peak over a
half width of ~25°.
3.2. Mechanical performance
One of the key targets of this research is to reduce the prolonged
downstream processing after TRC. In the present work, the MCTRC
AZ31 sheets were only homogenized at 400 °C for 1 h and their
Fig. 8. Mechanical properties of MCTRC AZ31 sheets, in comparison with those by
conventional TRC process for the same alloy.
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duced by a conventional TRC route plus multi-step downstream heat
treatment and hot rolling processing.
The comparison of grain size for the as-castMCTRCAZ31 alloy sheets
to that of conventional TRC sheets is shown in Fig. 6. The grainmorphol-
ogy of the sheets produced by conventional TRC process is mainly co-
lumnar structure with a small fraction of equiaxed but coarse grains in
the centre of sheet [22,27–30]. On the contrary, the MCTRC sheets pos-
sess an equiaxed grain structure over the entire volume ofmaterialwith
an average grain size b 100 μm. It is obvious that it is necessary for the
conventional TRC sheets with a coarse columnar structure and severe
centre-line segregations to be extensively processed after TRC process
to meet the requirement of microstructure and mechanical properties
for industrial applications, whereas, on the other hand, the as-cast
MCTRC sheets displayed an advantageous microstructure that requires
no substantial processing prior to real application.
The final grain size of the AZ31 alloy sheet obtained in the present
study after homogenization treatment is compared with those under-
gone various downstream thermomechanical process for the same
alloy is presented in Fig. 7. The average grain size of 15 ± 8 μm was
achieved by a fast homogenization at 400 °C for 1 h. To obtain similar
grain size and sheet thickness, the as-cast conventional TRC sheet re-
quires multi-passes of hot/cold rolling and related intermediate heat
treatment [22,27,28,39].
The tensile properties of theMCTRCAZ31 sheets and those produced
by conventional TRC process are presented in Fig. 8, inwhich the as-cast
condition is represented by rectangle symbols and thermal-
mechanically processed condition by triangle symbols. The MCTRC
sheets show both higher ultimate tensile strength (266.62 ±
10.73 MPa) and ductility (6.02 ± 1.07%) compared with the conven-
tional TRC sheets [22,27,28,39]. The improved performance of the
MCTRC sheets is attributed to the grain refinement and uniform chem-
ical distribution due to the employment of the solidification control
strategy.
After one hour homogenization treatment at 400 °C, the mechanical
properties, especially the ductility of the MCTRC sheets reached 14.53
±1.60% on average, which is equivalent to that observed in AZ31 sheets
after conventional TRC process and subsequent multi-pass rolling
schemes [5,24,27,34,40–43].
The MCTRC AZ31 alloy sheets, with limited homogenization treat-
ment, perform similar to those for the same alloy produced by conven-
tional TRC and extensive downstreamprocessing. This confirms that the
solidification controlled MCTRC process is an advantageous approach
for producing Mg sheets with high performance at low cost.Fig. 7. Grain size obtained for the MCTRC AZ31 sheets in comparison with those for the
same alloy produced by conventional TRC with various downstream hot rolling passes.3.3. Isotropic in-planar deformation behaviour
It is generally expected that isotropic mechanical behaviour favour
sheet formability and thus improves shape forming performance in
multi-axial deformation condition.
The tensile stress-strain curves of homogenized MCTRC AZ31 sheet
and the corresponding tensile properties of samples along CD, 45° and
TD are presented in Fig. 9(a). Detailed tensile properties are listed inFig. 9. Tensile deformation response of homogenized MCTRC AZ31 sheet samples:
(a) tensile stress-strain curves and mechanical properties and (b) strain hardening
behaviour and related strain hardening exponent n.
Table 2










CD 147.2 258.1 12.1 13.4
146.8 260.5 16.4 17.7
146.9 259.1 12.3 13.3
45° 145.8 256.4 10.2 11.1
152.1 263.8 12.2 13.8
145.8 259.8 11.3 12.3
TD 136.0 260.2 15.3 16.6
137.1 259.1 13.0 14.1
135.2 257.2 12.3 13.6
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have been observed in the stress-strain in three directions. The yield
strength in CD and 45° is similar in the range of 145–150 MPa while a
lower yield strength of 136.10 MPa was observed along TD, although
the ultimate tensile strength was same in all directions with an average
value of 259.36 ± 2.15 MPa. The elongation along CD was 14.7 ± 2.6%
and similarly in TD, being 14.8 ± 1.6% but a slightly lower elongation
of 12.4 ± 1.4% was obtained in the 45° direction.
The overall strength and ductility in all in-plane directions are sub-
stantially similar and such isotropic in-plane tensile behaviour is com-
parable to that of ZK10 alloy [44] and Mg-1Al-0.1Ca alloy [45] sheets,
where the production of these sheets involved either heavy grain re-
finer addition or dilution of solute that sacrifice strength.
The strain hardening rate and strain hardening exponent n are pre-
sented in Fig. 9(b), which shows a uniform and linear hardening behav-
iour along three in-plane directions. The highest strain hardening
exponent was derived to be 0.273 ± 0.003 along TD. Similar values
were derived as 0.246 ± 0.006 and 0.249 ± 0.006 for CD and 45°, re-
spectively. For conventional TRC and rolled sheet, the reported strain
hardening exponent n is b0.15 [46,47]. Kang et al. [47] suggested that
high strain hardening exponent correlates to a large uniform elongation
which indicates improved formability. Isotropic in-plane mechanical
behaviour of the MCTRC AZ31 sheets suggest promising formability
for component stamping at ambient temperature, which could be fur-
ther advanced at elevated temperature.
The mechanical response to deformation is normally correlated to
polycrystalline plasticity [44], presented as the initial texture of sheet
materials. In order to understand the isotropic in-plane mechanical be-
haviour of MCTRC sheet, the crystallographic feature of such sample is
analysed.Fig. 10.Recalculated (0001) polefigure (a) and basal pole intensity plot as the function of tilt ang
in-plane directions.The texture of homogenized MCTRC AZ31 sheets prior to the me-
chanical testing is presented in Fig. 10(a). The broad spread of basal
pole (over 55°) and significant low intensity of ~3 times of random dis-
tinguishes the MCTRC sheets from typical basal intensified Mg sheets
produced via conventional TRC process [44,48–50]. The basal texture
was due to the rolling deformation of ~15% during MCTRC [51], which
was slightly weakened by homogenization. The large spread of the
basal peak with a low intensity suggests that a high fraction of basal
slip is still available for further deformation along the same route. Like-
wise, the fact that there are no other orientation peaks suggests that
there should be no limits to deformation in any other routes than
rolling. The uniform distribution of texture intensity on three represen-
tative directions is presented in Fig. 10(b). It can be seen from the figure
that the highest basal intensity of ~3 times of random occurs along CD
but ~10–20° away from the normal direction. Then a gradual decrease
in basal texture intensity takes placewith increased tilting angle and di-
minishes beyond ~55°.
Similar Schmid factor distribution along CD, 45° and TD in Fig. 10 is
consistent with the isotropic in-plane mechanical behaviour observed
for homogenized MCTRC AZ31 alloy sheet. In Fig. 11(a)–(c), the similar
Schmid factor distribution is observed for the basal slip in three in-plane
directions. In the soft angle region (N0.4), a plateau of higher fraction
(~3.5%) of f0002gh1120i is presented. Meanwhile a higher fraction of
grains oriented in soft angle for prismatic and pyramid slip systems is
presented in CD, 45° and TD directions as shown in Fig. 11(d)–(f) and
(g)–(i), respectively. However due to the magnitude higher critical re-
solved shear stress (CRSS) for these two types of slip system, they will
activatedmuch later comparing to Basal slip system. The higher fraction
of residue Basal and large amount of prismatic or pyramidal slips in soft
region [52] indicate the potential of more deformation can be accom-
modated in the forming process.
4. Conclusions
The performance of MCTRC process was investigated using an AZ31
magnesium alloy and with the application of novel strategies, in order
to produce thin gauge wrought magnesium alloy sheets suitable for di-
rect shape formingwithout extensive downstreamprocessing. Based on
experimental results, following conclusions can be drawn.
(1) A solidification controlled melt conditioned twin roll casting
(MCTRC) process has been developed for producing thin gauge
magnesium alloy sheets ready for formingwith the employment
of three novel strategies: intensive melt shear prior to casting;
targeting thin gauge sheets and using small scale caster.le about the sheet normal direction,ND (b), showing a similar spread of texture towards all
Fig. 11. Schmid factor distribution upon uniaxial tension of homogenized MCTRC sheet in CD, 45° and TD, basal slip system (a–c), prismatic system (d–f), and pyramid system (g–i).
9X. Yang et al. / Materials and Design 179 (2019) 107887(2) The MCTCR process was successfully tested in the production of
AZ31 Mg alloy sheets with a thickness of 1.5 ± 0.1 mm in thick-
ness and 100 ± 10 mm in width. The produced thin gauge AZ31
sheets displayed a uniform, fine and equiaxed grain structure of
an average grain size of 83 μm size through sheet thickness and
with substantially reduced centre-line segregations.
(3) The texture developed duringMCTRCwasweak due to improved
microstructure and reduced plastic deformation. The homoge-
nized MCTRC AZ31 sheets displayed a good combination of
strength (yield strength ~ 150 MPa, ultimate strength
~ 260 MPa) and ductility (uniform elongation ~ 14%), which are
comparable to those for the same alloy produced by conventional
TRC plus extensive downstream processing including multi-
passes hot rolling.
(4) The tensile performance also showed excellent in-plane isotropy
with consistent strength, ductility and strain hardening behav-
iour in three representative in-plane directions, together with
weak basal texture and available basal plane in preferred Schmid
factor region, indicates a high formability potential for further
manufacturing.
CRediT authorship contribution statement
Xinliang Yang: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization,Writing - original draft,Writ-
ing - review & editing. Jayesh B. Patel: Data curation, Investigation,
Methodology, Project administration, Writing - original draft. Yan
Huang: Conceptualization, Data curation, Formal analysis, Investigation,Methodology, Writing - original draft, Writing - review & editing.
Chamini L. Mendis: Data curation, Investigation, Methodology,Writing
- original draft. Zhongyun Fan: Conceptualization, Funding acquisition,
Supervision.
Acknowledgements
This work is financially supported by EPSRC of Future Liquid Metal
Engineering Hub (Grant No. EP/N007638/1). Authors would like to
thank Dr Hu-tian Li, Mr Graham Mitchell and Mr Peter Lloyd from
BCAST for their support in conductingMCTRC experiments andDr Lorna
Anguilano for the assistance with characterisation facilities at ETC,
Brunel University London.
References
[1] W.J. Joost, P.E. Krajewski, Towards magnesium alloys for high-volume automotive
applications, Scr. Mater. 128 (2017) 107–112.
[2] S.R. Agnew, J.F. Nie, Preface to the viewpoint set on: the current state of magnesium
alloy science and technology, Scr. Mater. 63 (2010) 671–673.
[3] M. Ferry, Direct Strip Casting of Metals and Alloys, Woodhead Publishing, 2006.
[4] S.S. Park,W. Park, C. Kim, B. You, N.J. Kim, The twin-roll casting ofmagnesium alloys,
JOM 61 (2009) 14–18.
[5] D. Liang, C. Cowley, The twin-roll strip casting of magnesium, JOM 56 (2004) 26–28.
[6] J. Cho, S.S. Jeong, S. Kang, Deep drawing of ZK60 magnesium sheets fabricated using
ingot and twin-roll casting methods, Mater. Des. 110 (2016) 214–224.
[7] B. Suh, M. Shim, K.S. Shin, N.J. Kim, Current issues inmagnesium sheet alloys: where
do we go from here? Scr. Mater. 84-85 (2014) 1–6.
[8] Danieli Fata Hunter. www.danielifatahunter.com/product-lines/continuous-casting/
continuous-casting-lines/.
[9] P.A.E. Novelis, novelispae.com/twin-roll-casting-machine.
[10] P. Thomas, Continuous casting of aluminium alloys, Solidification and Casting 2003,
pp. 26–47.
10 X. Yang et al. / Materials and Design 179 (2019) 107887[11] M. Kim, S. Kim, H. Kim, Deformation-induced center segregation in twin-roll cast
high-Mg Al–Mg strips, Scr. Mater. 152 (2018) 69–73.
[12] K.M. Sun, L. Li, S.D. Chen, G.M. Xu, G. Chen, R.D.K. Misra, et al., A new approach to
control centerline macrosegregation in Al-Mg-Si alloys during twin roll continuous
casting, Mater. Lett. 190 (2017) 205–208.
[13] M. Wolf, Henry Bessemer and continuous casting, Rev. Metall. 98 (2001) 63–73.
[14] S.R. Agnew, Ö. Duygulu, Plastic anisotropy and the role of non-basal slip in magne-
sium alloy AZ31B, Int. J. Plast. 21 (2005) 1161–1193.
[15] J.D. Hunt, Steady state columnar and equiaxed growth of dendrites and eutectic,
Mater. Sci. Eng. 65 (1984) 75–83.
[16] Z. Fan, M. Xia, H. Zhang, G. Liu, J.B. Patel, Z. Bian, et al., Melt conditioning by ad-
vanced shear technology (MCAST) for refining solidification microstructures, Int. J.
Cast Met. Res. 22 (2009) 103–107.
[17] Z. Fan, B. Jiang, Y. Zuo, Apparatus and method for liquid metal treatment, Apparatus
and Method for Liquid Metals Treatment 2016, p. 216 , US 13/823.
[18] H. Men, B. Jiang, Z. Fan, Mechanisms of grain refinement by intensive shearing of
AZ91 alloy melt, Acta Mater. 58 (2010) 6526–6534.
[19] I. Stone, I. Bayandorian, Y. Huang, Z. Fan, Solidification mechnanisms in melt condi-
tioned twin roll casting of Mg alloys, 9th International Conference on Magnesium
Alloys and their Applications 2012, pp. 895–900.
[20] H. Westengen, K. Nes, Twin roll casting of aluminium: the occurrence of structure
inhomogeneities and defects in as cast strip, Essential Readings in Light Metals:
Cast Shop for Aluminum Production 3 (1984) 972–980.
[21] Reimers HA. Method for inhibiting the oxidation of readily oxidizable metals.
Method for inhibiting the oxidation of readily oxidizable metals 1934;U.S. Patent
1,972,317.
[22] L. Löchte, H. Westengen, J. RØdseth, An efficient route to magnesium alloy sheet:
twin roll casting and hot rolling, Magnes. Technol. 2005 (2005) 247–252.
[23] Y. Nakaura, A. Watanabe, K. Ohori, Microstructure and mechanical properties of
AZ31 magnesium alloy strip produced by twin roll casting, Mater. Trans. 47
(2006) 1743–1749.
[24] R. Kawalla, M. Oswald, C. Schmidt, M. Ullmann, H. Vogt, N. Cuong, New technology
for the production of magnesium strips and sheets, Metalurgija 47 (2008) 195–198.
[25] A.A. Kaya, O. Duygulu, S. Ucuncuoglu, G. Oktay, D.S. Temur, O. Yucel, Production of
150 cm wide AZ31 magnesium sheet by twin roll casting, Trans. Nonferrous Metals
Soc. China 18 (2008) s185–s188.
[26] B.S. Berg, V. Hansen, P.T. Zagierski, M.L. Nedreberg, A. Olsen, J. Gjønnes, Gauge re-
duction in Twin-Roll Casting of an AA5052 aluminium alloy: the effects on micro-
structure, J. Mater. Process. Technol. 53 (1995) 65–74.
[27] K. Neh, M. Ullmann, M. Oswald, F. Berge, R. Kawalla, Twin roll casting and strip
rolling of several magnesium alloys, Mater. Today Proc. 2 (2015) S45–S52.
[28] G. Kurz, J. Wendt, J. Bohlen, D. Letzig, Twin roll casting and rolling of new Al-free
Mg-wrought alloys, The 10th International Conference on Magnesium Alloys and
their Applications Jeju, Korea 2015, pp. 682–688.
[29] W. Park, J.J. Kim, I.J. Kim, D. Choo, Wide strip casting technology of magnesium al-
loys, in: W.H. Sillekens, S.R. Agnew, N.R. Neelameggham, S.N. Mathaudhu (Eds.),
Magnesium Technology 2011, Springer International Publishing, Cham 2011,
pp. 143–146.
[30] O. Duygulu, S. Ucuncuoglu, G. Oktay, D.S. Temur, O. Yucel, A.A. Kaya, Development of
1500mmwide wroughtmagnesium alloys by twin roll casting technique in Turkey,
Magnesium Technology 2009, TMS 2009, pp. 385–390 , San Francisco, CA.
[31] S. Das, N.S. Barekar, O. El Fakir, L. Wang, A.K. Prasada Rao, J.B. Patel, et al., Effect of
melt conditioning on heat treatment and mechanical properties of AZ31 alloy strips
produced by twin roll casting, Mater. Sci. Eng. A 620 (2015) 223–232.
[32] I. Bayandorian, Y. Huang, Z. Fan, S. Pawar, X. Zhou, G. Thompson, The impact of melt-
conditioned twin-roll casting on the downstream processing of an AZ31magnesium
alloy, Metall. Mater. Trans. A 43 (2012) 1035–1047.[33] P. Ding, F. Pan, B. Jiang, J. Wang, H. Li, J. Wu, et al., Twin-roll strip casting of magne-
sium alloys in China, Trans. Nonferrous Metals Soc. China 18 (2008) s7–s11.
[34] I. Jung, W. Bang, I.J. Kim, H. Sung,W. Park, D. Choo, et al., Mg coil production via strip
casting and coil rolling technologies, Magnesium Technology 2007, TMS, Orlando, FL
2007, pp. 85–88.
[35] E. Popova, A.P. Brahme, Y. Staraselski, S.R. Agnew, R.K. Mishra, K. Inal, Effect of ex-
tension 101-2 twins on texture evolution at elevated temperature deformation ac-
companied by dynamic recrystallization, Mater. Des. 96 (2016) 446–457.
[36] R.K. Mishra, A. Brahme, R.K. Sabat, L. Jin, K. Inal, Twinning and texture randomiza-
tion in Mg and Mg-Ce alloys, Int. J. Plast. 117 (2019) 157–172.
[37] S. Suwas, R.K. Ray, Crystallographic Texture of Materials, Springer, 2014.
[38] X. Guo, A. Chapuis, P. Wu, Q. Liu, X. Mao, Experimental and numerical investigation
of anisotropic and twinning behavior inMg alloy under uniaxial tension, Mater. Des.
98 (2016) 333–343.
[39] O. Duygulu, S. Ucuncuoglu Kurttepelä, G. Oktay, D.S. Temur, O. Yucel, A. Kaya, Devel-
opment of rolling technology for twin roll casted 1500MM wide magnesium AZ31
alloy, Magnes. Technol. (2009) 379–384.
[40] X. Chen, D. Shang, R. Xiao, G. Huang, Q. Liu, Influence of rolling ways on microstruc-
ture and anisotropy of AZ31 alloy sheet, Trans. Nonferrous Metals Soc. China 20
(2010) s589–s593.
[41] H.B. Lee, S.H. Kim, J.H. Park, J.J. Kim, Y.S. Kim, O.D. Kwon, Microstructure evolution
and mechanical properties of AM series alloy sheets, The 10th International Confer-
ence on Magnesium Alloys and their Applications, 2015 , Jeju, Korea.
[42] S.S. Park, J.G. Lee, H.C. Lee, N.J. Kim, Development of wrought Mg alloy via strip cast-
ing, Magnesium Technology 2004, TMS, Charlotte, NC 2004, pp. 107–112.
[43] R. Kawalla, M. Oswald, C. Schmidt, M. Ullmann, H. Vogt, N.D. Cuong, Development of
a strip-rolling technology forMg alloys based on the twin-roll-casting process, Mag-
nesium Technology 2008, TMS, New Orleans, LA 2008, pp. 177–182.
[44] J. Bohlen, M.R. Nürnberg, J.W. Senn, D. Letzig, S.R. Agnew, The texture and anisot-
ropy of magnesium–zinc–rare earth alloy sheets, Acta Mater. 55 (2007) 2101–2112.
[45] S. Sandlöbes, M. Friák, S. Korte-Kerzel, Z. Pei, J. Neugebauer, D. Raabe, A rare-earth
free magnesium alloy with improved intrinsic ductility, Sci. Rep. 7 (2017), 10458.
[46] H. Takuda, T. Morishita, T. Kinoshita, N. Shirakawa, Modelling of formula for flow
stress of a magnesium alloy AZ31 sheet at elevated temperatures, J. Mater. Process.
Technol. 164-165 (2005) 1258–1262.
[47] D.H. Kang, D. Kim, S. Kim, G.T. Bae, K.H. Kim, N.J. Kim, Relationship between stretch
formability and work-hardening capacity of twin-roll cast Mg alloys at room tem-
perature, Scr. Mater. 61 (2009) 768–771.
[48] S. Yi, J. Bohlen, F. Heinemann, D. Letzig, Mechanical anisotropy and deep drawing
behaviour of AZ31 and ZE10 magnesium alloy sheets, Acta Mater. 58 (2010)
592–605.
[49] M. Masoumi, F. Zarandi, M. Pekguleryuz, Microstructure and texture studies on
twin-roll cast AZ31 (Mg–3wt.%Al–1wt.%Zn) alloy and the effect of
thermomechanical processing, Mater. Sci. Eng. A 528 (2011) 1268–1279.
[50] F. Berge, L. Krüger, H. Ouaziz, C. Ullrich, Influence of temperature and strain rate on
flow stress behavior of twin-roll cast, rolled and heat-treated AZ31 magnesium al-
loys, Trans. Nonferrous Metals Soc. China 25 (2015) 1–13.
[51] D.W. Brown, S.R. Agnew, M.A.M. Bourke, T.M. Holden, S.C. Vogel, C.N. Tomé, Internal
strain and texture evolution during deformation twinning inmagnesium, Mater. Sci.
Eng. A 399 (2005) 1–12.
[52] W. Wang, L. Huang, K. Tao, S. Chen, X. Wei, Formability and numerical simulation of
AZ31B magnesium alloy sheet in warm stamping process, Mater. Des. 87 (2015)
835–844.
